Following the seminal study of Perron (1989) , a large literature has emerged considering the issue of testing the unit root hypothesis in the presence of structural change. In response to Perron's finding that the Dickey-Fuller (1979) (DF) test can exhibit low power when applied to series which are stationary about a deterministic component subject to structural change, a number of authors have examined the issue of unit root testing in the presence of regime shifts. While some authors have followed Perron's seminal study and assumed structural change to be abrupt or instantaneous (see, (2004) is itself extended in two ways. First, an alternative method of capturing asymmetric adjustment is proposed based upon momentum-threshold autoregression (MTAR). The extension of smooth transition unit root tests to consider MTAR adjustment has an obvious appeal as the use of MTAR rather than TAR adjustment has been found to result in higher power when extending the DickeyFuller (1979) unit root test and Engle-Granger (1986) cointegration test (see Enders and Granger (1998) 
Smooth transition unit root tests
To allow the unit root hypothesis to be tested against an alternative of structural change in the form of gradual rather than abrupt adjustment, LNV employ the deterministic logistic smooth transition S t (γ, τ ) which is defined as:
where T is the sample size, τ is the parameter determining the fraction of the sample at which the transition occurs, while γ determines the speed of transition. LNV propose three smooth transition unit root tests based upon the following models denoted as A, B and C:
Model A :
Model B :
Model C :
3 Model D:
where u dt is a zero mean I(0) error process. The four proposed tests therefore differ according to deterministic terms included and form of break considered. To test for the presence of a unit root, the null hypothesis of a unit root or unit root with drift is tested against an alternative given by Model A, B, C or D as appropriate: (4) or (5) where ε t is an error term. The alternative models therefore permit various gradual changes in either intercept and/or trend, with a fixed intercept (and trend in the cases of Models B and C) also included. To implement the ST test, a two-step approach is followed. 1 In the first step, Models A, B, C and D are estimated using a non-linear least squares (NLS) algorithm with the resulting the residual processes (b u it , i = a, b, c, d) stored. These processes are given as:
Model D : In the second step, an augmented DF test is performed using the t-ratio of ψ i from the following regression:
The test statistics for testing the unit hypothesis ψ i = 0 in (10) are denoted as s α , s α(β) , s αβ , and s β for Models A to D respectively, with (2), (3), (4) or (5) 
This indicator function is then employed to extend (10) as follows:
Asymmetric adjustment is therefore permitted as two adjustment parameters (ρ i ) are now present in (12) , as compared to a single parameter (ρ) and speed of adjustment in (10) . The unit root null hypothesis is then tested via either via the joint hypothesis H 0 : ρ 1 = ρ 2 = 0 or the more significant t-statistic of H 0 : ρ 1 = 0 or H 0 : ρ 2 = 0. To test the unit root hypothesis against the different alternative hypotheses, Sollis (2004) combines (11) and (12) with (2), (3) or (4) respectively for Models A, B and C. The resulting test F and t statistics are denoted as F α and ts α for Model A, F α(β) and ts α(β) for Model B and F αβ and ts αβ for Model C. However, while this TAR-based extension to permit asymmetry is to be welcomed, it is suggested here that an MTAR-based indicator function can be employed also to derive a range of alternative asymmetric The resulting ST-MTAR tests therefore combine (12) and (13) with either (2), (3), (4) or (5) depending upon whether the smooth transition is given by Model A, B, C or D. As with the ST-TAR tests, the unit root hypothesis is tested via the joint significance of the adjustment parameters {ρ i } or the individually most significant parameter. Following earlier notation, the resulting F and t statistics are denoted as F * α and ts * α for Model A, F * α(β) and ts * α(β) for Model B, F * αβ and ts * αβ for Model C and F * β and ts * β for Model D. 2 3 Critical values and empirical power analyses
Finite-sample critical values of the ST-MTAR test
To generate critical values for the newly proposed ST-MTAR tests, the following data generation process (DGP) is employed:
All experiments are performed over 10,000 replications using GAUSS, with the error series {η t } generated via the RNDNS procedure with y 0 = 0. The resulting critical values for the alternative ST-MTAR tests are reported in Table One for a range of sample sizes (T = 50, 100, 250, 500) and levels of significance (10%, 5%, 1%). 
Empirical power analyses
To examine the empirical powers of the ST, ST-TAR and ST-MTAR unit root tests, Monte Carlo simulation experimentation is undertaken. The experimental design employed is based upon Sollis 2 Vougas (2005) provides a detailed discussion of alternative approaches to the NLS estimation required for smooth transition unit root tests, with close attention paid to the impact of differing optimisation algorithms upon resulting critical values. In this paper, critical values for the ST-MTAR tests are generated using the superior NLP R°c onstrained optimiser of the GAUSS subroutine FANPAC R°. This optimiser combines the Broyden, Fletcher, Goldfarb and Shanno (BFGS) algorithms utilised by LNV, with the Newton-Raphson algorithm. This superior optimiser is utilised for all of the tests employed. Also, an initial grid search is employed for both τ and γ, thereby fully endogenising structural change. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w (2004) , with its basic structure given as below:
The basis of this DGP is therefore provided by the Model A specification given above. To ensure a stationary asymmetric DGP with structural change, the following design parameters are employed: and allow varying degrees of asymmetry and stationary to be considered in conjunction with a range of breaks of differing sizes occurring at different times. All possible combinations of the above parameters are considered subject to ρ 1 6 = ρ 2 to ensure asymmetric adjustment about the underlying smooth transition. However, in contrast to Sollis (2004) where asymmetric adjustment of a TAR form alone is considered, both TAR and MTAR adjustment are considered here. Therefore two sets of experiments are performed. For the first set of experiments, I t is specified as in (11) allowing the properties of the alternative tests to be examined under a DGP where stationary TAR asymmetric adjustment occurs around a trend exhibiting smooth transition. For the second set of experiments, I t is given by (13) to permit a similar analysis where asymmetric adjustment is of an MTAR form. Given the above design, the alternative TAR and MTAR tests are based upon the use of Model A with the powers of the s α , ts α , F s α , ts * α and F * α tests calculated at the 5% and 10% nominal levels of significance. Under the ST-TAR DGP, ts α and F s α represent correctly specified tests, while under the ST-MTAR DGP they are clearly mis-specified. Similarly, ts * α and F * α are correctly specified under the ST-MTAR DGP but are mis-specified under the ST-TAR DGP. The experimental design therefore permits a standard analysis of the tests under the assumption of correct specification, while also allowing a form of mis-specification analysis where an investigator employs the incorrect form of asymmetric test. All experiments are conducted over 2,000 replications for a representative sample size of 100 observations.
The power results for the ST-TAR DGP are presented in Table Two with the results for the ST-MTAR DGP provided in Table Three . While empirical powers of the tests can be seen to vary across the considered designs, the following points can be made to summarise the results. Under a TAR adjustment scheme, it can be seen that for low levels of asymmetry (and consequently stationarity), finding as the asymmetric tests involve the estimation of additional parameters and the presence of a reasonable degree of asymmetry may be required to offset this and allow greater power to be observed. Considering the F and t forms of the asymmetric tests, it can be seen that for both TAR and MTAR adjustment, the former is a more powerful form than the latter. Comparing the relative powers of the TAR and MTAR tests, the TAR tests are generally more powerful than the MTAR tests. However, this property does not hold for all experimental designs and the difference in power where it does occur is often very small. This is perhaps a surprising finding as the MTAR tests are mis-specified under the current DGP and therefore might be expected to be dominated by the TAR tests. Turning to the results for the ST-MTAR DGP, the most striking feature of the results is superiority of the MTAR tests. Throughout, it is either the F * α or ts * α test which is the most powerful of all the tests considered. In contrast, the TAR tests which are now mis-specified under this DGP, possess similar power to the LNV test when applied in F -form, but less power when applied t-form. To illustrate the relative powers of the tests, consider the first design where {ρ 1 , ρ 2 , α 2 , γ} = {−0.1, −0.3, 2, 0.5} . For this case, the ts * α test has a power advantage of 4%, 34%, 36% and 57% relative to the F * α , F α , s α and ts α tests respectively. Therefore, while the F * α or ts * α tests are similar in terms of power, they are both substantially more powerful than their rivals. Tables Two and Three about here 4 Examining the order of integration of UK aggregate house prices
To illustrate the empirical relevance of the proposed ST-MTAR test, the order of integration of aggregate house prices for the UK is examined. The house price data considered are seasonally adjusted, quarterly observations on house prices over the period 1973(4) to 2005(1). 3 The series is analysed in its natural logarithmic form. Before considering the smooth transition based unit root tests detailed above, the unit root hypothesis is tested using commonly employed unit root tests.
The two tests applied are the augmented Dickey- Elliott et al. (1996) , shows that the unit root hypothesis cannot be rejected at even the 10% level of significance. However, from closer inspection of Figure One it is apparent that despite a clear upward trend, UK house price have not risen continuously over the sample period. In particular, the well documented recessionary period of the early to mid 1990s is apparent. This change in behaviour and its following gradual or steady recovery would appear to be well suited to modelling by a smooth transition process. In light of this, it is perhaps unsurprising that the above τ τ and τ gls τ tests with their common underlying assumption of a maintained linear trend are unable to reject the unit root hypothesis. To incorporate the structural change depicted in the house price series under investigation, the smooth transition s αβ , F αβ , ts αβ , F * αβ and ts * αβ test statistics are calculated. These tests are performed using equations (1), (4) and (10) for s αβ , (1), (4), (11) and (12) for F αβ and ts αβ , and (1), (4), (12) and (13) for F * αβ and ts * αβ . All of the smooth transition tests are therefore based upon Model C given the noted trending nature of the series, with the degree of augmentation determined as for the τ τ and τ gls τ tests.
Before considering the results for the smooth transition unit root tests, Figure Two presents the UK house price series along with the fitted smooth transition. It can be seen that the smooth transition process closely fits the recessionary and recovery periods observed in the 1990s. In Table Four , the calculated s αβ , F αβ , ts αβ , F * αβ and ts * αβ test statistics are provided. Considering the original LNV s αβ test, it can be seen that incorporation of structural change via a smooth transition allows the unit root null to be rejected at the 5% level of significance. To examine whether the detected reversion to an underlying smooth transition attractor is of an asymmetric nature, the results for the ST-TAR and ST-MTAR tests can be considered. The results for the ST-TAR tests of Sollis (2004) show that the unit root is again rejected, this time at the 10% level of significance for F αβ , and the 5% level of significance for ts αβ . The results for the ST-MTAR are more significant, with the unit root hypothesis rejected at the 5% level of significance for F * αβ , and the 1% level of significance for ts * αβ . Therefore, while all of the smooth transition tests are able to reject the null of a unit root, the most significant rejection (at the 1% level) results from application of the newly proposed ST-MTAR test. To investigate further the relative performances of the tests, the AIC for each of the smooth transition tests is reported in Table Four 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1973 1975 1977 1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 2001 2003 UK ST-trend 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
